New strategies are needed to treat cancers that do not respond to chemotherapy or resist chemotherapy after responding initially. The objective of this study was to evaluate non-cytotoxic drugs against two of these cancers, melanoma and ovarian cancer. Imiquimod is an immune stimulant that induces apoptosis in cancer cells. Flexible-Heteroarotinoids (Flex-Hets) are small molecules that regulate growth, differentiation and apoptosis in cancer cells with reduced effects on normal cells. Both imiquimod and SHetA2 inhibited growth and induced apoptosis in the B16 melanoma cell line and cisplatin-sensitive A2780 and cisplatin-resistant OVCAR-3 ovarian cancer cell lines. The growth inhibition was additive in A2780 and B16, and synergistic in OVCAR-3. Both compounds inhibited endothelial tube branching in vitro and exerted an additive effect when combined. Various combinations of imiquimod and SHetA2 did not cause significant differences in the overall survival in the syngeneic B16 murine melanoma model. SHetA2 induced complete tumor regression and a melanoma-free natural life-span in two mice. These cures occurred in one of ten mice treated with oral SHetA2 and one of ten mice intratumorally-injected with SHetA2. Exploratory modeling of the distribution of survival times suggested that the two surviving mice represent rare events. Histologic evaluation of the tumors revealed that imiquimod induced necrosis, SHetA2 induced differentiated architecture and increased cytoplasm, both agents reduced mitotic indices and angiogenesis and neither agent counteracted the effects of the other. No overt toxicities were observed. In conclusion, imiquimod and SHetA2 exhibit complementary anti-cancer activity in vitro and SHetA2 has promise as a single agent.
Introduction
Immune response modifiers (IRMs) are immunotherapy agents that mimic, augment, or require participation of host immune cells for optimal effectiveness [1] . Efficacy of IRMs for cancer therapy requires that the tumor is capable of eliciting an immune response. Two of the most immunogenic tumor types are melanoma and ovarian cancer [2, 3] . Malignant melanoma is the most lethal skin cancer [4] . The standard of care for melanoma is surgery followed by adjuvant therapy [5] . Because melanoma does not respond to cytotoxic chemotherapies, a number of different adjuvant therapies are being investigated including IRMs, however interferon (IFN) α2B is the only agent currently approved by the United States (US) Food and Drug Administration (FDA) for melanoma [5] . The most promising class of agents being evaluated in melanoma clinical trials consists of drugs that inhibit the B-RAF kinase [6] . Current clinical trials are studying the combination IRMs with B-RAF inhibitors [7, 8] . IRMs are also being investigated in ovarian cancer [3] . Because of the lack of early detection methods, ovarian cancer most frequently presents at an advanced stage and is one of the most lethal cancers [9] . New drugs with singleagent activity in recurrent ovarian cancer have been developed, however an international cooperative trial revealed that response rates or survival were not improved by combination of these drugs with cytotoxic chemotherapies [10] .
Imiquimod is the first low molecular weight compound classified as an IRM that stimulates local release of cytokines and immunological responses against tumors. Topically applied imiquimod is currently approved by the US FDA for treatment of warts and non-melanoma skin cancer, and is an experimental agent for treatment of melanoma [11] [12] [13] [14] [15] [16] [17] . Topical imiquimod is also an effective treatment for infantile hemangiomas [18] [19] [20] and can inhibit vascular development in tumors [21] . In a case of melanoma metastases, treatment with imiquimod was demonstrated to alter transcription of several molecules involved in regulation of angiogenesis and metastasis [11] . In irradiated mice, imiquimod inhibited angiogenesis via an interleukin (IL)-18 dependent pathway [22] . However, topical administration cannot address solid tumors that would otherwise be good candidates for IRM therapy, including ovarian cancer. Oral administration of an IRM can provoke generalized cytokine release, which is poorly tolerated [23] , and the response to intravenous (IV) administration has so far not proved efficacious [24] . Regional (as opposed to systemic) administration of these drugs is anticipated to enhance their ratio of therapeutic to toxic effects and to produce the strongest immunological responses against the cancer. Intraperitoneal (IP) administration is a rationale strategy to deliver imiquimod to ovarian tumors, because IP administration of cytotoxic chemotherapy to enhance regional exposure to ovarian tumors improved ovarian cancer patient survival by over 15 months in comparison to IV administration in a Phase III trial [25] .
The effects of IRMs, interferons and interleukins have been shown to be enhanced by all-trans and 13-cis isomers of retinoic acid and synthetic analogs (retinoids). Topical retinoids are commonly combined with imiquimod cream for treatment of warts, molluscum, and actinic keratoses. The oral retinoid, acetretin, has been combined with topical imiquimod to treat difficult cases of skin cancer [26, 27] . Retinoic acid isomers potentiate the effects of interferons in acute promyelocytic leukemia and metastatic melanoma [28, 29] . In vitro studies suggest that tumor specific complementation of interferon by retinoic acid isomers is due to increased expression of HLA class II immune components in malignant glioblastoma cells [30] , sensitivity to MHC class I-restricted killing in uveal melanoma cells [31] , regulation of the Jak-STAT signaling pathway in promyelocytic leukemia cells [32] , and enhancement of apoptosis in a variety of other cancer cell types [33] . Combining IRMs with drugs that synergize with them may limit their toxicity by permitting their use at doses that are less inflammatory and, therefore, less likely to produce local dose limiting side effects such as pain, fibrosis, and adhesions. A phase II study of IL-2 and 13-cis-retinoic acid as maintenance therapy in metastatic colorectal cancer demonstrated a low toxicity profile, clinical benefit and improved lymphocyte and natural killer cell count [34] .
Retinoids are promising as cancer chemoprevention agents because of their abilities to regulate growth, differentiation, apoptosis, angiogenesis, metastasis, and immune function in a wide spectrum of cancers [35] [36] [37] [38] [39] [40] . The 13-cis-retinoic acid (acetretin) is used to treat leukemia and neuroblastoma, but the clinical utility of retinoids is limited by toxicity and the development of resistance [40] . Both the efficacies and toxicities of retinoids are mediated through activation of nuclear retinoid receptors that act as transcription factors [41] . Early efforts to improve the therapeutic ratio of retinoids involved constraining the retinoic acid double-bonds, by inclusion of an aromatic ring of chemical structures called arotinoids. The first arotinoids developed were potent but considerably more toxic than retinoic acid [42] [43] [44] [45] . To reduce the toxicity of arotinoids, we incorporated oxygen or sulfur heteroatoms in the cyclic ring of arotinoids. The resulting compounds, called Heteroarotinoids (Hets), exhibited similar biological activities to retinoic acid and arotinoids [42, 47] , but significantly less toxicity [42, 46] . The clinical application of a Het called Tazarotene (produced by Allergan) for treatment of psoriasis, has confirmed the predicted improvement in therapeutic ratio for compounds with heteroatoms [48] .
A significant advancement in the development of Hets occurred with the synthesis of Hets containing threeatom urea or thiourea linkers, which increased the flexibility of their conformations [49, 50] . These flexible Hets (Flex-Hets) are potent inducers of apoptosis in vitro and in vivo, while not harming normal cells or tissues [50] [51] [52] [53] [54] [55] [56] . The lead Flex-Het, SHetA2, inhibited growth of ovarian cancer xenografts without producing evidence of in vivo toxicity, skin irritancy, or teratogenicity [51, 57] . Because SHetA2 does not activate the retinoic acid receptors, it is not classified as a retinoid and does not induce toxicities associated with retinoids [49, 51, 55, 57, 58] . SHetA2 can be classified as a Retinoid-Related Molecule (RRM), which exert similar biological effects as retinoids, such as inhibition of cell growth and induction of differentiation, but also exert additional effects, such as apoptosis [59] . Retinoids and RRMs have demonstrated some activity in melanoma and ovarian cancer [5, 60, 61] . The efficacy and lack of toxicity prompted pre-clinical development of SHetA2 in the US National Cancer Institute (NCI) RAID and RAPID programs, which demonstrated lack toxicity of SHetA2 at doses 50 fold above the dose required to reduce xenograft tumor growth [62] [63] [64] [65] .
The objective of this study was to evaluate the anticancer activities of imiquimod and SHetA2 as single agents and in combination. Ovarian cancer and melanoma were studied because they are both immunogenic tumors that have the potential to be treated with regional therapy.
Materials and Methods
Cell Culture: A2780 (cisplatin-sensitive) and OVCAR-3 (cisplatin-resistant) ovarian cancer cell lines were cultured in RPMI media supplemented with 10% fetal bovine serum (FBS). The B16 mouse melanoma cell line was cultured in Dulbecco's Modified Eagle's medium (DMEM) and supplemented with 4% FBS, 5 µg/ml insulin, 5 µg/ml transferring, and 5 ng/ml sodium selenite. EAhy.926 cells, a gift of Cora-Jean S. Edgell, Ph.D., were formed by fusing human umbilical vein cells (HUVECs) with a human carcinoma cell line [66] , and were cultured in DMEM with 10% FBS, and HUVECs in specialized Endothelial Growth Media (EGM-Clonetics).
Drugs: A liposomal preparation of imiquimod was prepared and stored and at 4˚C. Empty liposomes were used as controls because they do not affect ovarian cancer cell growth or endothelial vessel formation at concentrations used to deliver effective doses of imiquimod. SHetA2 (synthesized by K. Darrell Berlin, Oklahoma State University, Stillwater, OK, USA) was dissolved in dimethyl sulfoxide (DMSO), stored in aliquots at −80˚C, and manipulated under subdued lighting to avoid photooxidation. Final concentrations of DMSO in treated and control cultures were less than 0.1%, a dose that does not affect growth or differentiation.
Cytotoxicity Assay: Cells were seeded onto microtiter plates at concentrations of 1000 cells per well. The next day, the plates were treated in triplicate by the addition of various drug concentrations. Control cultures were treated with equal volumes of solvent or empty liposomes. Three days later, growth was assayed using the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2H-tetrazolium inner salt) assay (Promega, Madison, WI, USA). Metabolically active cells reduced the MTS compound to an aqueous soluble formazan resulting in an optical density (OD) that can be measured at 490 nm. The growth index was derived for each treated culture by dividing its average OD by the average OD of untreated control cultures. These proportions were used to construct isobolograms, which suggest whether the drugs' effects on cell survival are additive, synergistic, or antagonistic.
Apoptosis: The annexin-V-FITC assay was used for this study because it quantitatively differentiates between apoptosis and necrosis. After 24 or 48 hours of treatment with drug combinations or, in the control cultures, with solvent or liposomes, cells were trypsinized, resuspended in 1 ml of PBS, and incubated with Annexin-V-FITC. Flow cytometric analysis was performed at an excitation of 488 nm and an emission of 518 nm. Co-incubation with propidium idodide (PI) permitted a 4-channel evaluation to differentiate necrosis from apoptosis.
In Vitro Endothelial Tube Formation Assay: Endothelial tube formation assays were performed with slight modifications from published methods [67, 68] . The EAhy.926 endothelial cells were plated onto Matrigelcoated wells and grown for 20 hours in the presence various concentrations of imiquimod and SHetA2 alone and in combination. The number of tube branches was counted under a microscope, and photomicrographs were made to record the cultures' characteristics under various treatment conditions. The individual who counted vessel branches was blind as to the treatments, which were performed in triplicate. Differences in the mean number of vessel branches were evaluated using a single factor analysis of variance, and with assessments of preplanned contrasts.
Animal Model: A survival study of mice treated with these agents singly and in combination was carried out in a B16 melanoma model. B16 cells were trypsinized, rinsed in PBS and resuspended in DMEM. 50,000 cells were injected subcutaneously into the upper back of C57BL/6J black mice. After 7 days (before tumors were evident), the mice were arbitrarily divided into 6 treatment groups of 10 mice each. SHetA2 was dissolved in polyethylene glycol (PEG400) and imiquimod was dissolved in a liposome preparation. Treatments were administered on Mondays, Wednesdays, and Fridays for four weeks or until sacrifice. Half of the untreated control mice were injected with liposomes and the other half were gavaged with polyethylene glycol (PEG400). All 10 mice in each of the other five groups were treated by 1) gavage with 60 mg/kg/day SHetA2; 2) intratumoral injection with 9.25 mg/kg SHetA2; 3) intratumoral injection of imiquimod, 250 µg; 4) a combination of oral SHetA2 and intratumoral imiquimod; 5) intratumoral injection of both SHetA2 (9.25 mg/kg) and imiquimod (250 µg).
Mice were euthanized when their tumors reached 10% of their body weight, and their tumors were excised, fixed in formalin, and embedded in paraffin. Five-micron sections were stained with hematoxylin and eosin (H&E), Ki-67 (Biogenix, Freemont, CA, USA), a marker of proliferation and CD34 (Cell Marque, Rocklin, CA, USA), a marker of endothelial cells. The secondary antibody detection system used was multilink horseradish peroxidase DAB (Biogenix). An experienced pathologist (S.L.), unaware of treatment assignment, reviewed the histology and counted the number of Ki-67-positive cells per high powered field. The mean number of positive cells in ten sections was used to calculate "mitotic indices." These were compared between the six groups in a single factor analysis of variance, followed by tests of multiple comparisons (Student-Newman-Keuls) that ensured an overall probability of Type I error (alpha) of less than 0.05. Kaplan Meier estimates of group-specific survival (time to euthanasia) were calculated and compared using a log rank test. The overall distribution of survival times was also modeled as a Weibull distribution to estimate prob-ability of specific durations of survival.
vessel formation was evaluated with the matrigel endothelial tube formation assay (Figure 3) . Both agents exhibited a dose-responsive inhibition of endothelial tube branching. The effect on vessel branching of combining SHetA2 with the lower concentration (2 ug/ml) of imiquimod was additive. In statistical analysis, a preplanned contrast failed to reject the null hypothesis that the SHetA2 treatment combined with the lower imiquimod concentration in an additive matter (p = 0.1237). However, the effect of combining SHetA2 with the higher concentration (11 ug/ml) of imiquimod was more than additive (p < 0.0001).
Results

Growth Inhibition
Cytotoxicity assays demonstrated that imiquimod treatment caused dose-responsive inhibition of cisplatin resistant (OVCAR-3) and cisplatin-sensitive (A2780) ovarian cancer cell lines and the B16 melanoma cell line (Figure 1). Simultaneous treatment with SHetA2 enhanced the growth inhibition (Figure 1) . Isobolograms revealed that the interaction between the two drugs was synergistic in the OVCAR-3 cell line and additive in the A2780 and B16 cell lines (Figure 1) .
B16 Syngeneic Mouse Melanoma Model
In vivo activity of SHetA2 and imiquimod was evaluated in the B16 synegenic mouse model (Figure 4 ). Animals were randomized into 6 different treatment groups: untreated control, oral SHetA2, SHetA2 injected into the tumor, imiquimod, combination of oral SHetA2 and imiquimod and combination of tumorally-injected SHetA2 and imiquimod. In all treatment groups, imiquimod was injected into the tumor. No overt toxicities were observed in any of the treatment groups. Log rank tests detected no difference among the Kaplan-Meier estimates of the groups' survival distributions. The tumors could not be measured because they were highly necrotic and loose. Amazingly, one of the ten mice in each of the groups treated with SHetA2 survived to live a natural life-span.
Apoptosis
Induction of apoptosis by imiquimod in ovarian cancer cell lines was demonstrated using the annexin-V assay. The exact amount of apoptosis could not be quantified because the liposomes in the imiquimod formulation interfered with counting of individual cells in the live quadrant only. However, the pattern of Annexin-V-positive cells in imiquimod treated cultures is different than in SHetA2-treated cultures and the combination appears to be at least additive (Figure 2 ).
Endothelial Tube Formation
The ability of SHetA2 and imiquimod to inhibit blood One lived 3 years and one month after tumor injection and the other lived beyond that time. Autopsies of the deceased mice by an expert veterinary pathologist found no evidence of melanoma or other diseases. These two mice had tumors that regressed with treatment in spite of their aggressive growth. Exploratory modeling of the distribution of survival times suggested that the two surviving mice (one in the oral SHetA2 treatment group and one in the intratumoral SHetA2 injected group) represent relative rarities. The probability that an individual would survive 36 days in a population of mice modeled from this experiment is 0.023. We arrived at this conclusion by using Kolmogorov-Smirnov tests to check the similarity of distributions of survival times among six groups of mice that were treated but not cured, then combining the groups' survival times and modeling them as a Weibull distribution (illustrated in the superimposed curve in Figure 5 ) with specific parameters (threshold = 12.45; scale = 14.66; shape = 2.8). These parameters were used to calculate the probability of specific durations of survival.
B16 Xenograft Tumor Histology
Tumor sections were stained with H&E to evaluate the histology in the six different treatment groups (Figure 6 ). In the untreated control group, the tumors were amorphous, necrotic and discohesive (tended to fall apart when handled) and therefore could not be accurately measured or weighed. The tumors sampled from mice who received either oral or injected SHetA2 were similar, and exhibited more differentiated architecture with cells arranged into large nests. The most impressive feature was that the cells were reasonably uniform with more cytoplasm. In the tumors from animals treated with imiquimod, massive necrosis was seen in most areas of the tumor. In tumors from the animals treated with both SHetA2 and the immune stimulant, massive necrosis was also frequent. Also noted in the tumors of animals treated with both agents was a greater tendency of the tumor cells to form nests and a loss of pleomorphism compared with tumors in untreated controls. CD34 staining of endothelial cells revealed a decrease in microvessel density in all treatment groups (Data not shown). Detailed evaluation of angiogenesis in the tumors could not be performed due to the extensive necrosis. The tumors in each group of treated mice demonstrated lower mitotic indices (measured by Ki-67 staining) than those in untreated mice (Figure 7) . Among the treatment groups, the mitotic indices of tumors from mice that received imiquimod alone did not significantly differ from that of the combined imiquimod and SHetA2 injection, but exhibited a larger range than that of the other three treatment groups.
Discussion
The results of this study demonstrate the efficacy of imiquimod and SHetA2 alone and in combination against ovarian cancer and melanoma cells. The interaction of these two agents for inhibition of cancer cell growth was either additive or synergistic, depending on the cell line. Both agents were also active in inhibiting endothelial tube formation as single agents and exerted an additive effect when used in combination. The different mechanisms of action of imiquimod and SHetA2 are likely responsible for their interaction. Imiquimod induces both apoptosis and necrosis in association with development of autophagic vesicles and induction of toll like receptors [69] , while SHetA2 induces apoptosis through direct effects on the mitochondria in association with G1 cell cycle arrest and development of autophagic vesicles and ER stress [53, 54, 70] . Angiogenesis is an important target for drug development because the development of blood vessels is required to support tumor growth and metastasis [71] . Inhibition of angiogenesis can prevent progression of premalignant lesions and is considered a rationale target for secondary chemoprevention [72] . The ability of imiquimod and SHetA2 to inhibit endothelial tube formation increases the potential of these compounds to be effective against cancer through their alterations of the tumor microenvironment. The mechanism of SHetA2 inhibition of angiogenesis involves regulation of both cancer and endothelial cells [73] . The direct effects on cancer cells involve inhibition of angiogenic cytokine secretion, while the direct effects on endothelial cells involve inhibition of cell cycle progression.
Post-surgical platinum-based chemotherapy is the standard of care for ovarian cancer and cancer recurrences are treated with platinum-based therapy until the patient's cancer becomes platininum resistant [74] . The activities of imiquimod and SHetA2 against both cisplatin-sensitive and -resistant ovarian cancer cell lines support the use of these agents in both first and second line treatment. There is also significant toxicity associated with platinum-based chemotherapy [75] . Thus, low-toxicity compounds, such as imiquimod and SHetA2 might provide an alternative or supplement to the highly toxic practice of repeated platinum-based therapies for ovarian cancer primary therapy and recurrence. Oral administration without toxicity is the optimal situation for a chemoprevention agent. SHetA2 is oral bioavailability and did not cause evidence of toxicity in a 28-day dog toxicity study resulting in a no observed adverse effect level (NOAEL) at a dose (2000 mg/kg/day) 33 fold above the dose used in this study (60 mg/kg/day), and caused a lowest observed adverse effect level (LOAEL) in a 28-day rat toxicity study at a dose (1500 mg/kg/day) 25 fold above that used in this study [63] .
The in vivo anti-cancer efficacy of SHetA2 is indicated by complete tumor regression and long-term melanomafree survival of two mice in the syngeneic B16 melanoma model. This cure of one out of ten mice in each of the SHetA2-treated groups in the B16 syngeneic animal model is a rare event. Although statistical analysis found no significant differences in overall survival between the various groups, probability analysis suggests that the complete regression of the tumors and the long-term survival of the two animals is significant. The cure of one mouse in each of the two SHetA2 treated groups regardless of the route of administration, oral or direct intratumoral injection, strengthens the significance of this finding. If this result translated to humans, cure of one out of ten melanoma patients would be a major breakthrough in the treatment of melanoma. The lack of effect on overall survival by single agent imiquimod or SHetA2 alone or in combination may be due to the highly aggressive nature of the syngeneic B16 melanoma model. The promising results of two out of twenty cures, justify studying SHetA2 in additional animal models including ovarian cancer. Previous studies demonstrated single agent activity of SHetA2 against aggressively growing OVCAR-3 xenograft tumors [51] .
In conclusion, imiquimod and SHetA2 demonstrate in vitro activity against cancers that cannot easily be treated with conventional chemotherapeutic agents. Their mechanisms and toxicities are different from traditional agents, indicating that they may be effective as primary therapy and as second line approaches to overcome resistance to traditional chemotherapy. The cure of melanoma in two out of twenty SHetA2-treated mice regardless of the route of administration, and without toxicity, justifies further study of SHetA2 for treatment of melanoma. 
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